The CD28H/B7-H5 pathway is a newly identified pathway of the B7 family. In human peripheral blood, the receptor CD28H is preferentially expressed on naïve T cells and repetitive stimulation of T cells leads to the loss of CD28H expression. Here we examined the expression of the CD28H/B7-H5 pathway in human peripheral tissues, as well as in human cancers. We found that CD28H is preferentially expressed on T cells with tissue-resident phenotypes (T RM ). Supporting that, stimulation via IL-15 and TGF-β, presumably major cytokines essential for T RM cell homeostasis, sustains CD28H expression on T cells. The ligand B7-H5 is constitutively expressed on normal epithelium of human oral-gastrointestinal tracts. In human cancers, CD28H is preferentially present on tumor infiltrating lymphocytes (TILs) with T RM features and identifies a T RM subset with less cytotoxicity. Taken together, our studies suggest that the CD28H/B7-H5 pathway involves the interactions between T RM cells and epithelium, and could be important for human T RM homeostasis and function.
Introduction
Memory T cells can be divided into three distinct subsets based on trafficking properties: central memory T cells (T CM ), effector memory T cells (T EM ), and a subset recently termed as tissue resident T cells (T RM . [1] [2] [3] T RM cells exhibit a broad tissue distribution, comprising the majority of T cells throughout the body in lymphoid, mucosal, non-lymphoid, and peripheral tissues, especially barrier tissues. 4 T RM signatures include the expression of CD69, and a subset of CD8 + T RM , particularly those that reside within epithelial surfaces of the intestinal mucosa and skin, also express αEβ7 integrin (often referred to as CD103. [4] [5] [6] Many developmental cues contribute to T RM survival and site-specific retention, and may include TGF-β and IL-15. 7, 8 Besides cytokines, molecular interactions that maintain T RM cells in their resident tissues are the main subject of investigations. Adhesion molecules that are currently known to be involved in the epithelium-T RM interaction include CD103, 9, 10 CD2/CD58, 11 junctional adhesion-like molecule-1 (JAML-1)/coxsackie-adenovirus receptor (CAR), 12 and NKG2D. 13 The role of T RM cells recently has become an active subject of investigation. 14 Physiologically, the interaction between T RM and epithelial cells is essential for maintaining epithelium integrity. 15, 16 T RM cells respond rapidly to pathogen challenge at barrier sites before the recruitment of T cells from the blood. 17 Several recent clinical studies empathize a crucial role for T RM cells in human cancer immunity. The expression of T RM marker CD103 in tumor infiltrating lymphocytes (TILs) is associated with better prognosis and therapy response in lung and cervical cancers. 18, 19 Single-cell profiling in human breast cancer identified a subset of TILs with T RM phenotype, which contribute to cancer immunosurveillance and are the key targets of modulation by immune checkpoint inhibition. 20 We previously identified a new pathway of the B7 family in humans, the CD28H/B7-H5 axis. 21 The receptor, CD28H (also named as TMIGD2 22, 23 or IGPR-1 24 ), is constitutively expressed on all naive T cells and natural killer (NK) cells in human peripheral blood. Repeated stimulation of T cells leads to an irreversible loss of CD28H expression, and the loss of CD28H identifies a subset of effector/memory T cells with aging phenotype. The ligand B7-H5, also named as HHLA2, 25 is preferentially transcribed in peripheral tissues. 21, 22 It interacts with CD28H to promote T cell response, and it was also demonstrated to deliver a suppressive signal to T cells via an unknown receptor. 26 Here we examined CD28H expression on T cells from human normal and cancerous tissues. We found that T RM cells in peripheral tissues preferentially express CD28H.
Consistently, CD28H expression in TILs of human cancers defines a subset of TILs with T RM phenotype.
Results

CD28H is preferentially expressed on human T RM cells in peripheral tissues
To understand CD28H expression in T cells from different human compartments, we analyzed human T cells from peripheral blood, spleen, intestine, and lung tissues by flow cytometry. Consistent with our previous finding, 21 a significant population of T cells in peripheral blood express CD28H, and the majority of CD28H-expressing T cells are naïve T cells (data not shown). Also, CD8 + T cells in human small intestine are all CD103 + CD69+, a major feature of T RM cells. Interestingly, in the same donor, virtually all of these cells are CD28H-positive (Figure 1(a) ). In human lung, although overall only about 20% of CD8 + T cells express CD28H, there are significantly more CD28H-expressing cells within the T RM compartment (27.4% vs 11.1%) ( Figure 1(b) ). Thus, our results support that CD28H is preferentially expressed on T cells with resident memory phenotype (T RM ). Interestingly, though few spleen CD8 + T cells exhibited T RM phenotype, the percentage of CD28H + cells (33%) in splenic T RM was still the highest among all compartments (Figure 1(c) ). These results support that CD28H expressing T cells in human tissues are mainly T cells with T RM phenotype.
CD28H expression on T RM cells is regulated by IL-15 and TGF-β
T cell activation via TCR signal leads to gradual loss of CD28H expression. 21 T RM cells in peripheral tissues are mainly regulated by cytokines IL-15 and TGF-β. 8 We hypothesized that IL-15 stimulation might retain CD28H expression on T cells. To test this, we labeled naïve human T cells with CFSE and stimulated them with cytokine IL-15 plus IL-7, or IL-2. Virtually all naïve CD8 + T cells from peripheral blood express CD28H. 21, 27 Indeed, we found that T cells stimulated with IL-2 gradually lose the expression of CD28H during division. On the contrary, IL-15 plus IL-7 stimulation retained CD28H expression as T cells went through similar rounds of cell division (Figure 2(a) ). Furthermore, we found that addition of TGF-β could induce higher levels of CD28H expression in activated CD8 + T cells, regardless of stimulation by OKT3 (CD3 mAb) or IL-15 ( Figure 2 blood were stimulated with CD3 mAb. 8, 28, 29 In the same model, we analyzed CD103 and CD69 expression for T RM phenotype, and we found that the percentages of T RM cells (CD103 + CD69+) in activated CD8 + T cells significantly increased with the stimulation of TGF-β ( Figure 2(c) ). Moreover, the T RM cell subset in activated CD8 + T cells had higher expression of CD28H, as well as more percentages of CD28H-positive cells (Figure 2(d) ). The presence of TGF-β further increased the percentages of CD28H-expressing cells (72.5% vs 89.1%, p = 0.0148), as well as the expression level of CD28H in T RM cells (MFI: 1517 vs 6699, p = 0.0251) ( Figure 2 (e)). Therefore, our results indicate that T cells exposed to epithelial stimulus, presumably IL-15 and TGF-β, sustain CD28H expression in human epithelium.
Expression of the CD28H/B7-H5 axis in human epithelium
Our early study found that the ligand B7-H5 is well-transcribed in peripheral organs. 21 Consistent with that, our immunohistochemistry staining indicates that B7-H5 is exclusively expressed on epithelial cells from peripheral human tissues, including intestinal tissue, the bronchial epithelia in lung (Supplemental Figure 1 ), and ductal epithelia in pancreas. 30 We further stained single cells isolated from human intestine for Ep-CAM (CD326) and CD45 to identify epithelial cells and intraepithelial lymphocytes (IELs) respectively. We found that B7-H5 is constitutively expressed on Ep-CAM + CD45− epithelial cells, while CD28H is present on virtually all CD45+ CD3 + CD8 + IELs (Supplemental Figure 2 ). This result suggests that T RM /epithelia interaction probably involves CD28H/B7-H5.
CD28H is enriched in CD8 + tumor-infiltrating lymphocytes (TILS) with T RM phenotype
We examined CD28H expression in TILs from surgically removed pancreatic ductal adenocarcinoma (PDAC) tissues. Though in a lower percentage compared to PBMCs, there are consistently a significant subset of CD28H-expressing CD8 + T cells in TILs from all PDAC patients we analyzed (Figure 3(a) ). CD28H expression is not just limited to TILs from PDAC, as we confirmed the presence of comparable percentages of CD28H + TILs in other human cancer types, including melanoma and glioma (Figure 3(b) ).
In human peripheral blood, the majority of CD28Hexpressing T cells are naïve T cells. 21 In contrast, virtually Figure 3 ). CD28Hexpressing cells in TILs do not express aging-associated molecules CD57 or KLRG1, which is similar to the compartment in peripheral blood. 21 Interestingly, CD28H + T cells express less CCR7 (Figure 3(d) ). When we stimulated these cells in vitro for a short period, CD28H-positive cells produce significantly more IL-2, but less effector cytokine IFN-γ ( Figure 3 (e)). Consistently, CD28H-positive cells in TILs produced less CD107a (Figure 3 (e)), perforin, and Granzyme B (Figure 3(f) ). All these suggest that CD28H-expressing T cells are more of effector/memory cells with young and less-differentiated phenotype, which is consistent with a recent publication. 27 Recent research indicates that many human TILs possess features of T RM cells and are positively correlated with patient survival. [31] [32] [33] Since T RM cells in human tissues express CD28H, we hypothesize that CD28H + T cells in human TILs could possess features of T RM cells. We examined the expressions of CD103 and CD69 on CD8 + T cells in TILs from pancreatic cancer, and we were able to confirm the presence of TILs with T RM phenotypes (Figure 4(a) , left). We compared the frequencies of CD28H expressions between the group of T RM and that of the rest subgroup. Indeed, there were significantly more CD28H expressing T cells in TILs with T RM phenotype (p < 0.01) (Figure 4(a) , right). When we divided the cell population into two subgroups according to the expression of CD28H, we found that there were significantly higher percentages of T RM cells (CD103 + CD69+) in the CD28H + group than the CD28H-counterpart (p < 0.001) (Figure 4(b) ). Consistently, there is a significant, positive correlation between the percentages of T RM cells and CD28H + T cells in CD8 + TILs from pancreatic cancer (Figure 4(c) ). In addition, our analysis of The Cancer Genome Atlas (TCGA) PDAC PanCancer dataset 34 also found a positive and significant correlation between TMIGD2 (encodes CD28H), CD103 and CD69 expression ( Figure 4(d) ). Thus, our results imply that the expansion of CD28H + TILs could directly affect the number of T RM cells in TILs. 
CD28H expression identifies CD8 + T RM cells with less cytotoxicity
To further characterize CD28H + T cells in human cancer, we examined transcript profiles for subsets of TILs based on CD28H expression by genome-wide RNA-seq technique. TILs isolated from pancreatic cancer were further sorted into three CD8 + T cell subsets based on the expression of CD69, CD103, and CD28H: CD28H + T RM , CD28H-T RM , non-T RM . 151bp single-end RNA-Seq was performed on isolated total RNA materials, and the full-length transcripts were recovered from de novo transcriptome assembly. We found that identified TCR subtypes overlapped greatly among these three T cell groups (Figure 5(a) ), suggesting they could derive from the same T cell lineages and recognize similar antigen profiles. Gene enrichment analysis indicated that CD28H + T RM cells have the highest transcript level of cytokine IL-2, which is consistent with our early analysis (Figure 3(a) ). CD28H + T RM cells are higher in the expression of CCR6 and CD161, two genes important for memory T cell differentiation ( Figure 5(b) ). Flow cytometry analysis further confirmed that there are significantly more CCR6 and CD161-expressing cells in T RM subsets than non-T RM cells, and the CD28H + T RM subset also has the most CCR6 and CD161-expressing cells ( Figure 5(c) ). Cytotoxicity-related genes, including PRF1, GZMB, GZMH and GZMK, are the main difference between these two different T RM subsets, based on CD28H expression ( Figure 5 (d)). CD49a, a molecule recently related to T RM cells with high cytotoxicit, 35 is significantly less transcribed in the CD28H + T RM subset. We also noticed that CD28H + T cells express more transcripts for IL7R (CD127), which is associated with the long-term survival of T cells ( Figure 5  (d) ). Supporting these findings, flow cytometry analysis of TILs from multiple tumor tissues found that CD28H + T RM cells express less CD49a but more surface IL7R, further demonstrating this CD28H + T subset is composed of young T RM cells with less cytotoxicity (Figure 5(e) ).
Discussion
The CD28H/B7-H5 axis is a recently identified pathway of the B7 family. Due to the absence of a CD28H ortholog in rodents and limited access to fresh human tissues, it is still unclear how CD28H is expressed on T cells in peripheral tissues. Our study here demonstrated that the ligand B7-H5 is constitutively expressed on epithelial cells, while the receptor CD28H is expressed on adjacent T RM cells. Consistently, in human cancer, CD28H is preferentially expressed on a subset of TILs with T RM phenotype. Thus, our data suggest that the CD28H/ B7-H5 interaction could be one of the important mechanisms for human CD8 + T RM cell retention or homeostasis. Epithelial cells that line tissue vasculature constitute a major source of TGF-β and IL-15. They are therefore likely candidates to imprint infiltrating T cells with signals, which allow them to reside and survive in the mucosa microenvironment. Our study results showed that IL-15 and TGF-β are together capable of inducing a population of resident T cells, while also imposing a highly constrained (CD28H+) phenotype to facilitate their long-term survival in the face of antigenic challenge. TCR engagement, for example by in situ recognition of antigen epitopes, can substitute for these cytokine signals or can synergize with TGF-β to further promote T cell residency in the human mucosa. Our data suggest that a TCR signal or the bystander cytokine IL-15 with the exposure to TGF-β can achieve optimal induction of CD28H-positive T RM cells. Since B7-H5 is constitutively expressed on epithelium, it would be interesting to investigate whether and how the CD28H/B7-H5 interaction regulates human T RM cell homeostasis and functions.
TILs are rich in tumor-reactive T cells, but the majority of them are dysfunctional or exhausted. 36, 37 It is extremely valuable to identify functional T cell subtypes in TILs for adaptive cellular therapy (ACT) or future immunomodulation strategies. 38 Recent studies identified that some TILs bear T RM phenotype and are associated with better prognosis in cancer patients. 18, 19 In this study, we analyzed TILs from human cancers relevant to T RM phenotype and CD28H expression. We found that CD28H-expressing T cells within TILs are particularly enriched within the CD8 + T RM compartment. Consistently, CD28H-expressing TILs are antigenexperienced cells and do not express CCR7 (Figure 3(d) ). The expression of CD28H is positively associated with CD103 and CD69 expression in human pancreatic cancer from TCGA dataset (Figure 4(d) ). CD28H + cells in CD8 + TILs are identified as a superior T cell subset with a phenotype of young, less differentiated T cells. 27 CD28H + T RM cells express higher levels of IL-2, IL7R, and CCR6, and are less cytotoxic. Thus, CD28H expression could be associated with better prognosis in human cancer. Immune checkpoints, such as PD-1, LAG3, TIGIT, and Tim3, are well-expressed on CD28H + TRM cells (supplemental Figure 3 ), suggesting that these cells can be modulated by checkpoint inhibitors and contribute to their therapeutic efficacy in clinic. Adding the ability of T RM cells to persist long-term in tissues, targeting CD28H + T cells in cancer may exhibit durable clinical responses.
Taken together, our study found that CD28H identifies human T RM cells in both normal tissues and cancer. It remains to be seen how the CD28H pathway regulates human T RM cells in normal tissues and cancer. Furthermore, as solid human tumors express different levels of ligand B7-H5, it is interesting to further investigate whether and how CD28H + T RM cells in TILs can be affected by tumor-expressing B7-H5.
Materials and method
Human tissue collection
Human tissues of PDAC, melanoma, glioma, and normal tissues were obtained from patients who were undergoing surgery at The University of Colorado Hospital according to an Institutional Review Board (IRB)-approved protocol and patient consent. All human subject studies conducted conform to the principles of the Declaration of Helsinki.
TILs and IEL isolation
The method for fresh isolation of TILs from PDAC, melanoma, and glioma tissues has been described in detail before. 39 Briefly, surgically-removed fresh human tumors or normal intestine tissues were washed with PBS twice before being homogenized and digested with liberase enzyme (Roche) at 37°C for 45 min. After centrifugation, pellets were resuspended in 30% Percoll and carefully loaded on the top of a 70% Percoll solution. The Percoll gradient was centrifuged at room temperature at 1000Xg for 30 min with brake off. Mononuclear cells between the layers of the 30% and 70% Percoll were collected and washed with complete RPMI 1640 before flow cytometry analysis or in vitro culture.
Antibodies
Anti-human CD4 was purchased from eBioscience. Antibodies for human CD3, CD103, CD69, CD45RO, ICOS, CD45RA, CD57, KLRG1, CCR7, Ki67, IL-2, IFN-γ, TNF-α, Perforin, Granuzyme B, CD326, and CD45 were obtained from Biolegend. The generation of hamster anti-human CD28H mAb (clone 4-5, IgG1) and mouse anti-human B7-H5 mAb (clone 5B6-2, IgG1) has been described previously. 21 All other antibodies and staining dyes used in flow cytometry and immunohistochemistry were purchased from BD Bioscience.
Immunohistochemistry staining and flow cytometry analysis
Immunohistochemistry staining of B7-H5 on human frozen tissues has been described previously. 30 For cell surface staining and analysis by flow cytometry, cells were washed twice in fluorescence-activated cell sorting (FACS) wash buffer [D-PBS + 2% bovine serum albumin (BSA)] and stained for 30 minutes at 4℃ with antibodies conjugated with fluorochromes against different T cell surface and intracellular markers. Intracellular staining of cytokines was done according to manufacturer's protocol (BD Biosciences). Proliferation was assessed by intracellular staining for Ki-67 with an anti-Ki-67-APC antibody (BD Biosciences). Activation of stimulated cells was followed by staining with CFSE according to manufacturer's protocol. Dead cells were excluded with SYTOX ® Blue Dead Cell Stain Kit (Thermo Fisher Scientific). Flow cytometric analysis was conducted with an FACS LSRII flow cytometer (Becton Dickinson), and data were analyzed by FlowJo software (Tree Star Inc.)
In vitro stimulation and T cells culture
PBMCs from healthy controls at 3 × 10 5 cells/well were incubated with either (i) 50 or 200 ng/ml of recombinant human IL-15, (ii) 5 or 50 ng/ml recombinant human (rh) TGFβ, or (iii) combinations of these for cytokine induction. In some experiments, immobilized anti-CD3 (eBioscience) and anti-CD28 (eBioscience) were used to stimulate human T cells. CFSE was used to label T cells to track their proliferation. All experiments were done in RPMI-1640 medium containing 10% FBS, and cells were incubated at 37°C for 6 and 10 days. After culture, cells were stained for flow cytometry as in the prior section.
RNA-seq of TILS and gene expression analysis in pancreatic cancer
151bp single-end or paired-end RNA-Seq data were generated by University of Colorado Denver Sequencing Core facility. The data were processed using STAR software for mapping and DESeq2 for differential analysis. The Heatmap and MAplot were generated using GraphPad Prism 7.0 software (GraphPad Software) and RStudio Desktop 1.1.453 (https:// www.rstudio.com/). We used the long-read RNA-Seq data to uncover the usage of TCR subtypes from different immune cell populations. The RNA-Seq data collected from Patient 1 and 2 were used because of deeper sequencing depth (an average of 100 million reads per sample). RNA-Seq de novo transcript assembly was performed using Trinity pipeline without genome guidance. Assembled full-length transcript sequences were mapped against annotated human transcript database (GENCODE.v28) using BWA aligner with mem option. After sorting and rmdup steps, TCR subtype genes were selected using in-house bash shell script. Overlap Venn diagram was generated using NeuVenn web tool (http://bioin fo5pilm46.mit.edu:318/neuvenn). PDAC mRNA expression data from 177 patients in the TCGA PanCancer datase 34 was downloaded from cBioPortal. 40 Correlation of log transformed mRNA expression levels of CD28H, CD69, and CD103 were evaluated.
Statistical analysis
Student's t-test was used for statistical analysis, and p-values reflect comparison with the control sample. P-values <0.05 were considered statistically significant. The error bars in figures represent SD. For TCGA mRNA expression data, correlation of log transformed data was evaluated using the Pearson's correlation coefficient. service, and Emily Miller for editing the manuscript. This study is partially supported by American Cancer Society Institutional Research Grant Number 57-001-53 and Cancer League of Colorado 163479. Yuwen Zhu is supported by a Research Scholar Grant, RSG-17-106-01 LIB, from the American Cancer Society.
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